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The properties of powdered hydroxyapatite (HAP) synthesized from calcium chloride and potassium hydro¬ 
phosphate are investigated. The powder material consists of HAP and an secondary product of the reaction, 
which is predominately KC1. After sintering at a temperature above 800°C, the ceramic contains HAP as the 
main phase as well as CaO and chloroapatite. The maximum density (2.2 g/cm 3 ) and the smallest grain size 
(200 - 500 nm) are observed in material after sintering at 700°C. 


The development of a technology of materials for bone 
implants based on calcium phosphates is predicated on the 
study of the relation between the conditions under which the 
powders are synthesized and the processes occurring during 
the formation of the microstructure of the ceramic. Calcium 
hydroxyapatite (HAP) is an analogue of the mineral compo¬ 
nent of mammalian bone tissue. To obtain a ceramic based 
on HAP, it is necessary to use powder which is activated to 
sinter. Such powders can be synthesized by co-precipitation 
from water solutions of calcium salts and soluble phosphates, 
for example, from Ca(N0 3 ) 2 and (NH 4 ) 2 HP0 4 , CaCl 2 , and 
Na 2 HP0 4 or Ca(CH 3 COO) 2 and K 2 HP0 4 [1 - 3], When wa¬ 
ter solutions of the indicated salts interact the result is the 
formation of the insoluble target calcium phosphate and a 
secondary product of the reaction. 

In most works studying the sintering of HAP, powders 
are synthesized from Ca(N0 3 ) 2 and (NH 4 ) 2 HP0 4 , since in 
this case the secondary product is ammonium nitrate, which 
is removed on heating to the onset of sintering [1,4], 
Biocompatible ancillary products such as potassium or so¬ 
dium chloride or acetate can have a large effect on the forma¬ 
tion of the microstructure of ceramic based on calcium phos¬ 
phates. The amount of the adsorbed ancillary product from 
the synthesis of powders by co-precipitation from water so¬ 
lutions reaches 35 wt.% [1,2], The melting temperature of 
the potassium or sodium chlorides as well as acetates or car¬ 
bonates formed from them does not exceed 900°C. Conse¬ 
quently, these salts can play the role of additives which pro¬ 
mote sintering by the liquid phase method. 
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A number of salts were studied as sintering additives [5]. 
The effect of the salts as sintering additives was investigated 
using a 5% addition after calcination at 1000 and 1100°C. It 
was found that the presence of potassium chloride does not 
give rise to decomposition of HAP, accompanied by the for¬ 
mation of Ca 3 (P0 4 ) 2 or CaO. The processes occurring during 
the production of the ceramic based on the HAP powder syn¬ 
thesized from CaCl 2 and K 2 HP0 4 and containing the secon¬ 
dary product of the reaction have not been studied before. 
Consequently, the objective of the present work was to inves¬ 
tigate such processes. 

The HAP powder was synthesized in accordance with 
the formal reaction 

lOCaCL, + 6K,HP0 4 + 8KOH + (8KOH) = 
Ca 10 (PO 4 j 6 (OH) 2 + 20KC1 + (8KOH) + 6H 2 0. 

One liter of a 1 M water solution of calcium chloride was 
added by drops to 1 liter of a 0.6 M water solution of potas¬ 
sium hydrophosphate containing KOH. The reaction was 
conducted at 60°C with constant mixing. Synthesis was con¬ 
ducted at pH = 8-9. The pH level was maintained by adding 
a two-fold KOH excess relative to the amount calculated 
from the equation of the reaction. The precipitate obtained 
was allowed to sit in the mother liquor for 30 min. Then, the 
precipitate was separated from the mother liquor and dried in 
a thin layer over a period of 48 h. The dried product was 
disaggregated in a planetary mill in 5 min. The milling bo¬ 
dies : powder : acetone ratios were 5:1:1. Samples with di¬ 
mensions 10x5x3 mm were pressed in a steel mold under 
specific pressure 100 MPa. The samples were calcined in the 
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Fig. 1. XPA of HAP powder after synthesis (Rigaku D/Max-2500 
diffractometer, CuK a ): *) HAP; +) KC1. 



Particle size, pm 

Fig. 2. Particle size distribution after synthesis and disaggregation 
(determined by dynamic light scattering in the Fritch Analysette-22 
apparatus). 


temperature interval 500 - 1200°C with heating rate 5 K/min 
and a holding at the final temperature 6 h. 

Comparing the mass of the powder after synthesis with 
the mass calculated according to the reaction gave the 
amount of adsorbed secondary product to be approximately 
36%. The mother solution contained KC1, in accordance to 
the reaction, and KOH, in accordance with the conditions of 
synthesis. The alkali solution interacts with carbon dioxide in 
air, forming potassium carbonate. Thus, the expected qualita¬ 
tive composition of the secondary product is KC1, KOH, and 
K 2 C0 3 . X-ray phase analysis shows that after synthesis the 
powder contained HAP and potassium chloride (Fig. 1). The 
absence of peaks corresponding to KOH and K 2 C0 3 could be 
due to the fact that the method is too insensitive to determine 
these substances in the quantities present in the powder. 

The bulk density of the powder was about 0.4 g/cm 3 . 
According to the particle size distribution data (Fig. 2) the 



Fig. 3. Photomicrograph of HAP powder after synthesis and 
disaggregation (LEO SUPRA 50VP, Carl Zeiss, Germany, scanning 
electron microscope). 


m/m 0 , % 



Temperature, °C 

Fig. 4. Mass of HAP powder containing an ancillary product of the 
reaction versus temperature. The heating rate is 5 K/min (“Perkin 
Elmer Pyris” thermoanalyzer, Perkin Elmer USA). 


maximum size of the particle aggregates did not exceed 
100 pm. The most likely size of the aggregates is 10-30 pm. 

Electron-microscope photographs (Fig. 3) of the powder 
after synthesis show that the size of the aggregates is 
2-4 pm, and the primary particles comprising the aggre¬ 
gates are 100 - 200 nm in size. 

According to thermal analysis (Fig. 4), the total mass 
losses on heating to 1150°C are about 30%. Loss of adsorbed 
water and acetone occurs up to 200°C. No mass change was 
observed in the temperature interval 200 - 600°C. The mass 
losses in the temperature interval 600 - 950°C could be due 
to the formation of new phases, for example, chlorapatite 
Ca 10 (PO 4 ) 6 Cl 2 (Cl-HAP). According to published data, the 
melting temperature of KC1 is 772°C. After this temperature 
a transition is observed to occur from KCl(liq) into KCl(g). 
A kink is observed in the mass loss curve at this temperature. 
After 950°C the mass losses are of linear nature, which can 
be seen with evaporation of chlorides or decomposition of 
HAP or carbonate-hydroxyapatite (CHAP). 

According to the XPA data, after calcination for 6 h up to 
800°C, only HAP and KC1 were observed in the material; 
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Fig. 5. Variation of the linear dimensions (a), mass ( b ), and den¬ 
sity (c) of a HAP sample containing a secondary product of the reac¬ 
tion, after calcination for 6 h at different temperatures. 


above 800°C — HAP, CaO, and chlorapatite. The presence 
of CaO, which can form, for example, in accordance with the 
reaction 

Ca 10 - V 2(PO4)6-,(CO 3 ) x (OH) 2 ^ 

CaO + Ca I0 (PO 4 ) 6 (OH) 2 + C0 2 , 

confirms the presence of carbonates or carbonate-HAP in the 
initial powder. In [6] it is indicated that chlorapatite 
(Cl-HAP) can form from HAP and KC1 melt according to the 
reaction 

Ca 10 (PO 4 ) 6 (OH) 2(solid) + 2KCl (melt) -A 
Ca 10 (PO 4 ) 6 Cl 2(solld) + 2KOH (melt) . 

It should be noted that according to the RF patent 
No. 2007109482 and the data of [7], the interaction of HAP 


and NaCl results in the formation of double sodium calcium 
phosphate — (3-renanite NACaP0 4 : 

Ca 10 (PO 4 ) 6 (OH) 2(solid) + 6NaCl (melt) —» 
6NaCa(P0 4 ) + 3CaCl, + CaO. 

Double potassium calcium phosphate does not form 
in the case of KC1, possibly because of the larger ionic radius 
of K + . 

The density of the compact was 1.6 g/cm 3 , which corre¬ 
sponds to 40% of the density of HAP (3.16 g/cm 3 ). 

According to dilatometric studies, the shrinkage of the 
sample after cooling was about 12%. A small amount of 
shrinkage due to the removal of the adsorbed water and ace¬ 
tone and not exceeding 1% was observed up to 200°C. No 
changes of length were observed up to 400°C. The shrinkage 
at 550°C was 1.5%. A substantial decrease of the linear di¬ 
mensions of the sample was recorded in the temperature in¬ 
terval 550 - 700°C; the shrinkage at 700°C was 6%. The di¬ 
mensions of the sample start to decrease. A small expansion 
of the sample was observed in the interval 700 - 750°C; this 
could be due to the removal of volatile products. A further 
change of the length of the sample occurred above 750°C; 
this could be due to the formation of melt and the action of 
capillary forces. 

The spreading of NaCl melt on a HAP surface was stu¬ 
died as a way to simulate the interaction of HAP with alkali 
halide melts. A drop of melt formed on a wire loop was trans¬ 
ferred onto the surface of a HAP pellet at the melting tempe¬ 
rature of the alkali halide. The spreading process was re¬ 
corded with a digital video camera at 25 frames per second. 
The melt spread completely in <0.1 sec, which attests to the 
high adhesion of the alkali halide - HAP — at the boundary 
of the melt. The complete spreading observed in the system 
promotes effective permeation of the pressed HAP samples 
with formation of the alkali halide melt. 

In the investigation of the length change of the samples 
by the isothermal holding method (Fig. 5a) the maximum 
shrinkage (24%) was observed at 700°C. The temperature 
dependence of the sample length is nonmonotonic with a 
general tendency to increase, possibly because of competing 
processes of melt formation and thermal decomposition or 
evaporation of the components of the powder mixture. As 
temperature increases, the mass of the samples decreases, the 
maximum change (32%) being reached at 1000- 1100°C 
(Fig. 5b). The density of the samples at 700°C increases 
to 2.2 g/cm 3 or 72% of the relative density of the HAP 
(3.16 g/cm 3 ). A further increase of the calcination tempera¬ 
ture results in a decrease of the density (Fig. 5c). The mini¬ 
mum density determined at 1200°C was 0.95 g/cm 3 , or 30% 
of the relative of HAP. 

The microstructure of the samples of a ceramic calcined 
at different temperatures is shown in Fig. 6. After calcination 
at 700°C the grains, which have a rounded shape, are 
200 - 500 nm in size. For smaller increases, larger crystals 
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Fig. 6. Microstructure of ceramic after calcination at temperature 
700°C (a) and 1200°C ( b). 


(probably KC1) can be observed; these crystals formed as a 
result of crystallization from melt on cooling. After calcina¬ 
tion at 1200°C the microstructure is nonuniform. Pores 
(100 - 150 pm in size) as well as sintered sections with grain 
size up to 10 pm are present in the material. The size of the 
grains in the ceramic based on powder containing an easily 
removed secondary product was 1-3 pm after calcination at 
1200°C [1]. The large grain size in the ceramic based on 
powder containing KC1 is the result of recrystallization 
through the liquid phase. 

In summary, various chemical and physical - chemical 
processes occur in the powder material consisting of HAP 
and secondary product of the reaction predominately con¬ 
taining KC1: thermal decomposition of the components, for¬ 
mation of new phases, melting, evaporation, recrystalliza¬ 
tion, and sintering. The CaO forming after calcination at 


temperature above 800°C is an undesirable phase of the ma¬ 
terial for bone implants. Cl-HAP is a biocompatible phase 
and its amount is negligible. A mixture of HAP and the se¬ 
condary product of the reaction, containing predominately 
KC1, cannot be regarded as an initial mix for obtaining a ce¬ 
ramic composite material. However, it should be noted that 
the formation of HAP-based ceramic with a uniform micro¬ 
structure and grain size less than 1 pm is possible because of 
the low formation temperature and surface activity of the 
melt, whose main component is KC1. 

This work was performed as part of the Federal Tar¬ 
get-Oriented Program “Research and Development in Prio¬ 
rity Directions for the Development of the Scientific - Tech¬ 
nological Complex of Russia for the Years 2007—2012” 
with the support of RFFI grant 07-08-00576. 
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